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RESEARCH OBJECTIVES AND SUMMARY OF RESEARCH
The broad aim of our research in speech communication is to gain an understanding
of the nature of the processes of human speech production and perception. A practical
goal is to utilize knowledge gained through study of these processes to devise procedures
that will permit limited communication between men and machines by means of speech.
Several projects directed toward these goals are active at present. Studies of the rela-
tions between articulatory configurations and the speech sounds generated by these con-
figurations, as well as experiments on the perception of speechlike sounds, are providing
new evidence for the existence of discrete categories of speech sounds and are leading
to further examination and modification of the system of distinctive features underlying
speech events.1-4 Studies of the production and perception of speech sounds by children,
by using spectrographic techniques and tests involving the responses of children to nat-
ural and synthetic speech stimuli are providing some insights into the process whereby
language is acquired. 5 - 7 Work is being carried out to develop computer-generated spec-
trographic displays and to implement the analysis and enhancement of vocal tract x-ray
pictures using our computer facility. Other projects have been devoted to problems of
automatic speech recognition 8 and speaker recognition. 9 A series of studies has been
started to investigate the perceptual integration of signals switched alternately to the left
and right ears.10 Much of our research is now being carried out with the aid of a digital
computer facility and associated peripheral equipment, including a graphical input, dis-
plays, a filter bank, a speech synthesizer, and other facilities. -13 We are continuing
to improve and develop this system, and we expect in the forthcoming year to use the
computer facility for further studies of the simulation of articulatory processes in speech
perception, as well as for projects of the kind outlined here.
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A. MUTUALLY COMPLEMENTARY EFFECT OF RATE AND
AMOUNT OF FORMANT TRANSITION IN DISTINGUISHING
VOWEL, SEMIVOWEL, AND STOP CONSONANT
Previous research (Libermanl) has shown that the length of the time interval in which
formant frequencies are changing is an important cue for distinguishing among vowel,
semivowel, and stop consonant. The purpose of the present research is to determine
whether the reported effect depends on rate of formant motion, amount of formant
motion, or on both factors.
Synthesized wordlike sounds /aba/, /awa/, /aua/, and /aaa/ were used as the exper-
imental materials because the motion of the first-formant frequency is the main cue for
distinguishing among them, and accordingly, the first-formant frequency could be used
as the only control factor in the experiment. Eight different transition patterns and
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11 target values between 250 Hz and 790 Hz were prepared as x in a wordlike sound
/axa/. The results indicate that an increase in the rate of first-formant frequency
change reduces the amount of frequency change required to switch the identification to
a particular consonant.
1. Procedure
In order to prepare the necessary experimental material, a series-connected ter-
minal analog speech synthesizer was used (Tomlinson2). The synthesizer was controlled
by a digital computer with graphic input/output capability (Henke3). Stimulus tapes were
recorded and later played to subjects in a soundproof listening room. Figure XXIV-1
is a block diagram of the system.
In all of the experiments described in this report, a stimulus was an utterance of
500-ms duration that began and ended with.the vowel [a], and was voiced throughout. The
Listening Room
CRT
Display Computer Tape F Tape-
Recorder i Recorder Spkr
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Fig. XXIV-1. Experimental apparatus.
only parameters that were varied in order to generate a sequence of stimuli was the
location and the motion of the first-formant frequency during the utterance. The fre-
quencies of the second, third, and fourth formants were always fixed at 1200 Hz,
2700 Hz, and 3300 Hz, respectively. The bandwidths of the first three formants were
73 Hz, 80 Hz, and 166 Hz. The contour of the fundamental frequency is shown in
Fig. XXIV-2. A smoothly falling fundamental frequency was chosen to give the stimuli
a natural intonation pattern that does not possess a constant fixed relationship between
formant location and fundamental frequency.
Figure XXIV-3 illustrates the construction of a set of 11 stimuli for use in one of
the experiments. Flk(t) is the control function for the first-formant frequency corre-
sponding to stimulus number k. Stimuli are generated by interpolating between a
limiting control function FI (t) and a constant frequency, 790 Hz, by the formula
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Fig. XXIV-2. Fundamental frequency contour used in the synthesis
of stimuli for all experiments.
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Fig. XXIV-3. Illustration of the procedure for constructing a
time function to control the first-formant fre-
quency. The function Flk(t), which controls the
frequency of stimulus number k, is constructed
by interpolation between a reference time func-
tion, Flo (t), corresponding to stimulus num-
ber k = 0, and the 790-Hz target frequency of
the surrounding [a] vowel.
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Flk (t) = 10 Fl (t) + - 790 Hz. (1)k 10 10
A spectrogram of the synthesis for stimulus k = 4 is shown in Fig. XXIV-4.
In each experiment, a randomized sequence of 22 test stimuli was presented. Eleven
different sounds, each of which corre-
sponded to a particular k in (1) appeared
twice. Subjects were instructed to iden-
tify the sound segment placed in the
middle of a stimulus pattern from an
2000
ensemble of responses /a, u, w, b/. (A
u few [m, r, ] responses were given by
0 some subjects when an open response
ooo set was used.) The pauses between
stimuli were of 1-s duration. Subjects
I ilistened to a tape-recorded 22-item
7 sequence 3 times in each experiment.
0 100 200 300 400 500 A practice session preceded the first
TIME (ms)
test. The listeners used in this exper-
Fig XXIV-4. iment were 7 native speakers of
Spectrogram of the stimulus corresponding
to k = 0 in the experiment described in the Japanese, 5 male and 2 female. There-
text and illustrated in Fig. XXIV-3. fore each stimulus pattern was heard
42 times.
The resulting identification function for a single subject (HS) is shown in Fig. XXIV-5.
(This subject heard the recorded sequence 5 times.) Note that the boundary between
[b] [w] []
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Fig. XXIV-5. Identification function of a single subject for the
experiment shown in Fig. XXIV-3.
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Fig. XXIV-6. Experiments 1-8 are defined by specifying a reference
first-formant control function, Fl (t), for each.
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predominantly /w/ identifications and predominantly /b/ identifications occurs at stim-
ulus number 1. 5. Referring to Fig. XXIV-3, this boundary would correspond to a stim-
ulus having a rapid downward shift in first-formant frequency from 790 Hz to 331 Hz in
60 ms followed by a rapid upward shift in formant frequency from 331 Hz to 790 Hz in
60 ms. This kind of information will be used to construct equal-perception contours in
a two-dimensional space involving rate of frequency change and absolute amount of fre-
quency change.
In this study, 8 different transition patterns, F1 (t), were used to generate stimuli
for 8 different experiments. In Fig. XXIV-6, the frequency of the first formant for sig-
nal k = 0 on each of the experiments is shown as a function of time. (Note that experi-
ment number 5 was described in Fig. XXIV-3.) The set of first-formant reference
patterns was chosen to include patterns with different values of frequency change as a
function of time (Fig. XXIV-6a), different lengths of a central constant interval
(Fig. XXIV-6b), and different nonsymmetrical increasing and decreasing formant fre-
quency shifts (Fig. XXIV-6c). As can be seen from Fig. XXIV-6, the first experiment
is a simple vowel categorization task.
2. Results
The results of the listening tests were plotted in terms of identification scores for
each phoneme against the value of the stimulus parameter k (an example of this kind of
plot is shown in Fig. XXIV-5). The average data of 7 subjects were combined because
subjects displayed similar response patterns, and the data from any one subject were
not sufficient to establish perceptual boundaries that are statistically significant. In
every stimulus sequence (except, of course, the sequence in experiment 1), the iden-
tification scores shift systematically from /b/ to /w/ to /u/ to /a/ as the value of
k becomes large.
To make clear the relationship between changing values of k and patterns of formant
transition in each test sequence, all of the phoneme boundaries between stimuli are
plotted in Fig. XXIV-7 as the points in a two-dimensional space involving AF 1 vs AF l,
where AF 1 is the absolute value of the first-formant frequency change, and AF 1 is the
rate of formant change with respect to time. The values of k defining phoneme bound-
aries between /a/ and /u/, /u/ and /w/, and /w/ and /b/ taken from graphs of averaged
data from 7 subjects, are indicated in this figure.
The representation of Fig. XXIV-7 does not distinguish an intial downward transition
of the first-formant frequency from the later upward frequency transition; therefore,
response boundaries in experiments 7 and 8 are plotted as two different points, one of
which corresponds to the rising interval in the stimulus (indicated by an upward-
directed arrow) and the other to the falling interval (indicated by a downward-directed
arrow).
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Response boundaries between [a] and [u], [u] and [w],
and [w] and [b] are plotted in terms of total absolute
change in first-formant frequency, I AF 1 , and the
magnitude of the rate of frequency change, I AF 1 I.
The number adjacent to each point indicates the
experiment from which the point is derived.
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3. Discussion
a. Phoneme Boundaries
The dotted lines in Fig. XXIV-7 are hyperbolic curves that are proposed as the hypo-
thetical phoneme boundaries. There are several reasons why hyperbolic curves are
hypothesized. First, a phoneme boundary is likely to be a continuous monotonically
decreasing line in the AF1 vs AF 1 plane. Second, the experimentally obtained phoneme
boundaries show a tendency that high AF 1 is accompanied by low AF; that is, there is
an inverse relationship between AF 1 and AF 1 . The third is derived from a subsidiary
experiment in which the sounds having very high AF 1 and low AF 1 , and very low AF 1
and high AF 1 were synthesized. If the AF 1 is under approximately 100 Hz, the sounds
with even very high AFI were not identified as one of the ensemble /a, u, w, b/. On the
other hand, the sounds having very low AF 1 and high AF 1 were identified not as /b/ but
as /w/. This result implies that there is some threshold value for AF1. The hyperbolic
function
C(AF1-A) = C (2)(AFI-B)
in spite of its simplicity, satisfies the requirements mentioned above. The constants A,
B, and C were decided from the data as follows:
(600 X 103)
Phoneme boundary between /b/ and /w/: (AF 1 -3400) = Hz/s,
(AFI-422)
(200X 103)
Phoneme boundary between /w/ and /u/: (AF () = Hz/s,
(AF 1 -90)
(50x 103)
Phoneme boundary between /u/ and /a/: (AFI+500) = Hz/s.
(AF 1 -100)
b. Effect of Changing the Central Constant Interval
The reference patterns of first-formant change in experiments 4 and 6 have the iden-
tical rate of frequency change, but different lengths of a central constant interval. Com-
paring the value of k for phoneme boundaries in those experiments, it is found that the
shorter the central constant interval, the larger the frequency change at the boundaries
between /a/ and /u/, and /u/ and /w/. However, the boundary between /b/ and /w/ is
not influenced by the length of central constant interval.
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The reference pattern of first-formant change in experiments 2, 4, and 5 have dif-
ferent rates of change, as well as different lengths of a central constant interval. It has
been stated that, in general, the higher the rate of frequency change, the lower the
amount of frequency change in the phoneme boundary. As far as these experiments are
concerned, however, this relationship is prominent in the boundary between /b/ and /w/,
and is less prominent in the boundaries between /w/ and /u/, and /u/ and /a/.
From these findings, it can be said that the perception of a stop consonant is influ-
enced by the rate of frequency change and is relatively insensitive to changes in the
length of the central constant interval, whereas the perception of semivowel and vowel
is influenced largely by the length of the central constant interval, as well as the rate of
frequency change.
c. Effect Resulting from the Difference between Downward Transition
and Upward Transition
Among the 8 experiments in this study, only experiments 7 and 8 have nonsymmet-
rical increasing and decreasing formant frequency shifts. The fact that the curve for
phoneme boundary between /b/ and /w/, which is more sensitive than other phoneme
boundaries, passes through between 7B and 7t, and 8T and 84 in Fig. XXIV-7 sug-
gests that if the rate of the upward formant motion is different from that of downward,
a virtual rate of formant motion is to be expected at some value between the upward and
the downward rates.
The value of k for the phoneme boundary between /b/ and /w/ is smaller in experi-
ment 7 (k= 1. 1) than in experiment 8 (k= 1. 25). This suggests that the upward transition
has larger influence in the perception of stop consonant /b/ than the downward transition.
H. Suzuki
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